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.  [Followirig  is  tlie  translation  of  an  article  eatitle'd 
*?0  rolo  Eherok’noratosti  pri  trenii  reainj  1' o  aakone 
trentya”  (English  version  above)  by  S,  B«  Eatner  in 
Doklady  ^jcademil  Hank  SSSR  (Reports  of  the  Acades^  of 
Sciences  USSRjTlfolSni,  So  1,  Moscow,  1953/ pages 

47“5^»3 

(Submitted  to  Academician  P.  A,  R'ibihder,  22  August  1953) 


In  accordance  with  the  theory  of  B.V.  Deryagin  (1), 
the  force  of  friction  depends,  on  normal  load  N  as  per 
formula  . 

Fl  -  ^i(H  +  Ko) 


where  Y -l  ^  constant  (true)  coefficient  of  fric¬ 

tion  corresponding  to  the  median  value  of  the  angle  of 
micro-elevation,  which  "depends  on  the  molecular-atomic 
coarseness  of  surface"  (page  167);  Hq  -  "the  resultant  of 
forces  of  molecular  attraction  between  both  bodies" 

(page  177)/  proportional  to  area  of  true  contact  of  bodies 
in  friction. 

Quantity  Nn  must  be  added  to  the  external  load  N 
In  order  to  take  into  account  the  whole  of  the  normal 
force  active  on  the  surfaees  of  trae  contact,  where  the 
micro-coarseness  of  bodies  In  friction  is  of  consequence, 

Deryagln’s  molecular  theory  correctly  describes 
the  role  of  those  forces  which  come  into  being  on  the  sur- 
faces  of  true  contact.  But  it  does  not  take  into  consider¬ 
ation  the  role  of  the  direct  mechanical  traction  connected  , 
with  rough  (common)  coarseness.  However,  such  micro- 
coarseness  Is  bound  to  lead  to  the  additional  component 


1 


of  the  friction  force 


(2) 


where  2  thefnictiori  coefficient  corresponding  to  the 
median  angle  of  isaci'o-elevatlon,  v/hicli  is  connected  with 
,  the  rough' coarseness  (2)*  This  alteration  of  the  area 
of  true  contact,  called  forth  brought  ahou^  by  changed 
macro-ooarseness,  will  have  a  manifest  bearing  on  the 
varia.tton  of  quantity  Kq  (which  may  depend  on  K  as  well). 
Thus,  the  full  force  of  friction 


F  ==  (p3_  +  H  2)^'  + 

(3) 

P  =  -f  Fo,  ■ 

(4) 

where^ 

+  Mg* 

(5) 

Fjj  =  hi^o* 

(6) 

Let  us  see  to  what  extent  this  agrees  with  the 
experimental  findings,  the  presence  of  two  members  in 
the  lav  of  friction  (4)  being  beyond  argument  In  all  of 
the  cases  (3~7)  and  only  the  question  of  their  connect- 
ing  interrelationship  to  be  considered.  The  following 
formula  may  be  employed  in  this, 

ft  ^  ^  +  -2,  ,  (?_} 


*  If  we 'consider  the  effect  of  macro-coarseness  not  only 
on  the  area  of  contact  (i.e.  on  No>  see  above)  but  also 
on  micro-GO&rseness  (i.e.  on  f^i)  —  at  the  expense  of 
the  wedging  action  and  the  necessity  of  mutual  interac¬ 
tion  of  contiguous  macroprojectlons,  then  instead  of 
we  may  put  formulae.  Then  F  =  ri 

[(1 +7^0 )Mo3  because  This  result,  obtained 

by  us  jointly  with  B.V,  Deryagln  during  discussion  of  this 
article,  v;lll  not  alter  subsequent  conclusions  which  have 
a  qualitative  character. 
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•which  Is  the  result  of  subs  ti  tut  ion  (4)  in  the  formula 
that  serves  foi'  the  determination  of  the  computational 
coefficient  of  friction 


In  order  to  prove  directlj’  and  auantitatj.vely^  the 
validity  of  formula  (3)  presented  by  us  earlier  (3) 
the  form 

F  =  •*5-  f<x®o» 


it  is  necessary  to  measure  //^js-ancl  Hi*  suo> 

‘  Definition  of  /,<«<*  does  not  present- any 

cuDtVesf  because  it  can  be  discovered  as  a  characteristic 
o?  the  kraif-sht  line  in  the  prooesslag  of  experimental 
dka  either  in  the  coordinates  F  --  N, 

■In  poo^dlnates  M  —  l/I  »  according  to  foi.maia  i/j. 

Aft  a  kcond  characteristic  of  the  straight  line, 
cuantltylc,  also  be  determined.  Hosever.  to<Mln| 

V  nnr  can  arrive  at  Mi  by  formula  (?)  only  ir  aarwsion 
fok^ekr/is  directly  measured  under -exactly  the  sarae  con- 

SMot'carbf  conanoteS  U  omploytog  the  method  of  cross- 

ing  llneB,  presents  specific  fL-- 

wa”  shall^  tura  to  qualitative  testing  of  vdidxt/  o*  for 

malae  actor-dkce  with  the  presented ^eo.ncepts, ^Increased 

c^sarsene.ftS  of  metal  must  ha%''e  e,  diial  effect  upon  uhe  ^r-uc- 
tion ''coefficient.  On,  one  hand,  M £  .increase, 

0X5.  the  othex'*  *-  at  the  expense  of  dimlnis-ning  con<,eou  - 

I'lxlg  effect  Is  essential  ins-lnly  for  soft  rub'oers, 
especially  at  small  loads  (?);  see  formula therefore, 
•'rf'ften  coaraeiiess  of  steel  is  increased,  we  observe  (see  .  , 
febio  ?)  at  apeoific  uni;,  load  P  =  0.1  i^gyomi  a  dxynutxon 
Of  at  the  ©roense  of  decrease  ot  No*  an.d,  Rl,  r  iv 
/L?-'  «•„  increase  in  at  the  expense  of  increased  mecha- 

nlcai  traction  (i.e.  M2  which  becomes 
rA'.ht  wren  the  hardness  of  rubber  is  Increased, 
coiabiJiations  of  hardJxesB  of  rubber  ana  cb^^iseriess  oi  steel 
permit  an  obsei-vation  of  tendency  towards  growth  on  tne 

?aJrbf  the  frlotioh  ooefllulent  whom  load  Is  ihoheuBOd 
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(see  Table  1).  An  analogous  picture  appears  also  v/hen 
the  coarseness  of  brass  and  alusilnurn  is  increased. 


Further,  if  formula  (1)  were  applicable  in  the 
canacitj  of  law  of  friction,  i.®.  if  it  could  endure  the 
xfhole  of  the  force  of  friction  (and  not  its  part),  then 
»  and  consemientlj,  there  must  be  a.  strict 
proportionality  between  aiid  in  accordance  with 
formulae  (5)  and  (6).  This  can  be  expected  In  instances 
where  macro-coarseness  Is  ‘?8ry  small  -  friction  with 
iubrication  (stearic  acid  or  olelnlc  acid)  of  paraffin 
against  glass  (3)?  the  friction  of  smooth  criss-crassine^ 
threads  of  processed  Quarts  **■  uncoated  as  well  as  oo'irered 
by  a  thin  coat  of  caoutchouc  (4). 

Such  pheiioiaenon  should  not  be  observable  aw  di'^y  ■ 
friction. of  rubber,  when  cannot  be  neglected  in  com¬ 
parison  with  Ml  .  •  In  instances  of  fx‘ictlcn  between 
identical  samples  of  rubber  containing  merely  different 
quantities  of  various  fillers,  the  particles  of  which 
become  coated  with  a  film  of  caoutchouc,  quantity 
remained  practically  constant  (7)  because  , 

because  macro-coarseness  is  identical  and  microrellef 
changes  insignificantly,  within  the  liiaits  of  compati¬ 
bility  of  caoutchouc  with  the  filler  (soot,  graphite, 
chalk,  bioxide  of  silicon). 

A  change  ofMcooan  be  achieved  at  the  effect  of_a 
change  in  surface  of  metal  (a  shift  to  a  d.iffer©nt  varie¬ 
ty  or  sample)  or  by  introduction  of  such  a  large  arcoimt 
of  filler  that  it  will  already  overstep  the  limits  of 
compatibility  with  caoutchouc,  and  serve  as  a  layer  be- 
t-ween  the  pair  in  friction.  Both  of  these  methods, 
which  must  lead  to  change  in  jie&f  v&ve  actual3.y  ob¬ 
served  (7).  ,, 

bhen  changes  dxie  to  changed  Mz  ,  i«Q.  switch 


metal  surface  (see 


Table  l)  'o,r  even  when 


vy  0.  iiAw  ^  ^ —  - -  —  , 

sx'^ltoh  to  plexiglass  was  made,  a  practical  constancy  of 
Fr  for  rubber  with  a  given  amount  of  filler  vms  ob¬ 
served,  which  speaks  of  the  dominant  role  of  :rubber  (as 
the  softer  component  of  the  vforking  pair)  In  the  e.rea- 
tlon  of  ffilororelief  of  the  friction  surface. 

Ma?  can  also  be  altered  at  the  expense  of  clian.ge 
of  Ms  !•  "l.o*  of  the  molecular  relief,  which  can  be 
realised  when  switching  from  one  caoutchouc  to  another 
or  from  one  metal  to  another  (3,7). 

Let  us,  at  last,  consider  the  role  of  tempera¬ 
ture,  .According  to  the  above,  variations  in  the  tempera 
ture  of  rubber  are  not  supposed  to  effect  macro-coarse- 
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Table  1 


Coeffioisnt  of  Static  Friction  of  Rubber*  on  Base 
SKN'"26  Against  Metals  With  Different  Degree  of 
Medianleal  Finish  of  Surface 


d  -p 

5:5  <J> 
o 

d  !>> 

O 

o 

03 

.p  S-J 

O  ^*5 

O  as 
m  f  i 

1  Hardness  of  Rub- 
1  ber  According  to 

1  Shor 

L. 

i  ra 

B 

1  0$ 

I  W 

\  O 

1 

'  ‘4'^  1 

i  K*  « 

1 

1  O 

1  r*  H 

\ 

O^OJj 
a>  f4  m 
ft  o  0| 

CO 

1 

i 

1  Steel 

1 

i 

1 

Brass 

Aluminum 

1 

i 

V’sTv’ 

t 

i 

i 

1 

[ 

1 

V 

! 

i 

i 

i 

1 

M) 

52 

0.1 

0.96 

0,81 

0.80 

1,32 

1  1,18 

|0.99 

1  0.99 

1 

1,0 

0.83 

0.78 

0.68 

0.92 

0,84 

0,78 

1  0.84 

1 

10.0 

0.43 

:o,48 

0.54 

0.56 

0.49 

0.49 

1  0.52 

45  ■  1 

71 

0.1 

0.74 

0.61 

Q.&i’ 

0.97 

0.95 

1 0,60 

0,82 

1.0 

0,64 

0.61 

0.60 

0,74 

0.68 

0.57 

0.68 

:10,0  ' 

0.43 

0*59  i 

0.6? 

0.41 

0.43 

0.57 

0.6? 

120 

96 

0  .1 

0.44 

0.61 

0,42 

0.33 

0.72 

0.57  ' 

1.06 

1.0  i 

0.25  1 

0.37  1 

0.33 

0.27 

0.38  ! 

0.32 

1  0.58 

10.0  ' 

0.2?  1 

0.40 

0.52 

0.26 

0.51 

0»33 

0.74 

*4V4*j*ni*  rl4 

ness  ,  but  is  of  consequence  for  microrelief  » 
and  possibly  also  for  Nq,  when  it  comes  to  friction  of 
rubber,  the  physico-ffiechanical  qualities  of  which  depend 
on  temperature  to  a  great  extent.  Insomuch  as  the  heat- 
movement  vreakens  the  action  of  intermolecular  forces  de¬ 
termining  the  quantity  F©,  we  must  expect  that,  when  the 
temperature  is  higher,  Fo  will  be  significantly  smaller 
Vv^ithout  an  equally  consequential  decrease  of  The 

experiment  (3)  confirms  this  (see  Table  2). 

Accepting,  the  following  relationship,  v?hlch  flows 
from  relaxational  concepts  about  rubber  (8) 


w©  obtain  from  Table  2  that  U£Si5  hilooal/mole;  this 
corresponds  to  the  usual  values  of  the  energy  barrier  of 


van-der  “•  Waal  s '  fore  &  a . 


Taisia  2 

Effects  of  Temperature  on  the  Oonstants 
of  For-Mi'ia  {4)  in  the  Case  of  Static 
Friction  of  Rubber  on  Base  SKBM 
ness  According  to  Bhor  -  90)  Against 
Steel  (a)  and  on  Alloy  Containing  Alu- 
ffiinuffi  ( b) 


T©e!p&ra.ture 
in  ®  i 

.  Fo  in.  kg/ciB^ 

i  i 

i  a  j 

b 

1 

1  ^ 

1 

[  ^ 

20 

0.36 

1 

0.5 

16 

1  1? 

50 

0.30 

10 

80 

1 

0,24 

0*3 

3 

1  3 

i 

1 

Such  dependence  continues  only  until  further 
climb  to  higher  temperatures  leads  to  a  significant 
softening  of  rubber,  as  a  result  of  which  the  area  of 
true  contact  gains  sharply,  and  the  computational  co~ 
efficient  of  friction  ^  Increases.  Thus,  in  friction 
of  rubber*  on  steel  iat  P  i-  1  k.gm/om2,  ^  =  0.25  at  80® 
(Table  2),  fO  ™  o,23  at  95® »  and  0.5  at  IlOO,  l.e. , 

the  cur're  runs  through  the  minimum. 

The  author  notes  with  gratitude  the  participa¬ 
tion  of  B.V.  Deryagin  In  the  discussion,  of  the  results, 
and  that  of  R. K.  Gol‘n©wa  and  G.P.  KonenlcoTa  in  conduct¬ 
ing  the  experiments. 


Fiecelved 
16  YII  1953 


SEFEfcFlJGES 

1.  B.  ?.  DoryagSn,  Chto  takoye  trerdyc  (What  is  Friction),  Ptxb.  Rouse 
of  Academy  of  Sciences  USSR,  19.52;  BM  (Dokladj  Akadesaii  »auk  SSSR 
Reports  of  the  Acades^  of  Sciences  USSR),  3,  93  (1934);  ZtiFia  (Zhurnal 
Fisiohsskoy  Khinii  Journal  of  Physical  Chemistry),  5,  1165  (1934) » 


-6 


2 


3» 


V,  T>,  Kuznetsov,  Fizika  tverdogp-  tela  (Physics  of  the  Hard 
Body),  ii-,  Tomsk,  19^'?,  p*  19# 

S»  B,  Bstner,  DM,  83,  (1952)# 


¥#  De::7agin, 


B*  Bats-ier,  and  K. -F 


Fatrsn,  DAh, 


92,  Ro  6 


1953. 

B,  ¥.  Deryagin  and  ¥.  P.  Lesarsv,  Tr# 
lya  1  izBo^  (Works  of  the  All-Union 
¥e3JT7'*'3ri06  (1949). 


Vsesomzru  konfer#  no  tren» 
Gonfersnc©  on  Friction  and 


6,  I«  ¥,  Ki’agei'skiy  and  B#  ¥»  DeiyagSn,  Ibid,  1,  page  159® 

7®  S«  B#  Pvatner  and  V.  D.  Sokol* skaya,  DM,  86,  121  (1952)# 

8#  P«  P#  Kebeko,  Amor-fnwe  veghchestva  (Mox^phous  Substances), 
Pub#  House  of  Aeaderay  of  Sciences  USSR,  1952?  B,  A,  Dogadkrln, 
Khisilya.  t  fiziS';a  kauobuka  (Chemistry  and  Physics  of  Kauchuk 
^CaoiitchoueJJ,  19^?, 


10,065 

10,123  -aiD~ 


7 


